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T21 SPAQ RADZATZON ME VZ] ET AT 140 IN

E.G. Mullen. H.S. Gussenhoven and D.A. Hardy

Air Force Geophysics Laboratory, lanscom AID. MA 01731

The Delense Meteorological Satellite Program (0MSP) 77 satellite. launched in November,
1983, carries a dosimeter provided by the Air Force Geophysics Laboratory. The doaimeter uses
planar silicon detectors behind four thicknesses of aluminum shielding to measure both radiation
dose and high energy particle fluxes in the space radiation environment at 840 km. Energy
threshold* in the detectors are set to distinguish low (electron), high (proton), and very high
(040 1eV) energy particle depositions. The dosimeter returns accurate. hLgh-tim-resolution dose
measurements. Maps of the radiation dose (electron and proton) at 840 It are presented and
compared to the NASA models. ips of the very high energy deposits which can produce Single
Event Upsets (Stls) in microelectronic components are also presented. Characteristics of
energetic particles that enter the polar cap regions during solar particle events are discussed
and compared to inner belt proton and cosmic ray background levels. Included is an analysis of
two of the largest solar proton events since launch of the satellite, those of 16 February, 194,
and 26 April. 1984.

A sensitive volume in living tissue can be affected by energy deposition from high-enerty
particles to such a degree that a person's performance can be degraded or impaired. As such
satellite-borne humans are subject to radiation effects as they are carried throulh naturally
occurring or artificially-produced regions of radiation In space. The effects can be produced in
three general ways, by total dose, dose rate, and single event upsets (SEUm). As the frequency
and duration of manned space flights Increase. we need to Improve our ability to preditc and
nodel the space radiation environment to ensure the safety and maintain the performance capabili-
ties of the crew members.

There are essentially three near-Earth radiation regionst a) the inner radiation belt region
populatad mainly by stably-trapped high energy protonst b) the outer radiation belt region
populated mainly by trapped, but highly variable fluxes of slactronsi and c) the polar regions
populated minly by steady galactic cosmic rays and infrequent but high intensity solar proton
avant particles. Low altitude vehicles in high inclination orbits encounter parts of all the
various radiation environments, the extent depending on the eltitude of the satellite.

60.

90,

EARTH Y PROTONS. INNER
SURIFACE ZONE ELECTRONS

Fig. 1. Schematic diagram of the DSP " " OUTER ZONE
polar orbit passing through the low P ELECTRONS
altitude extensions of the major radia-
tion regions. The shading code for the COSMIC RAYS
various regions is given on the right.

6Or

VMSP/F7 is a three-axis stabilized satellite in a sun-synchronous orbit whose orbital plane
iS the 1030-2230 local time meridian. The spacecraft altitude is 840 be. its period i 101
minutes, and its inclination is 987'. Figure 1 scheaticaLly illustrates the three high energy
particle populations as they are encountered by the D"SP satellite. The offset of the PArth'a

) 1989 American Institute of Physics
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dipole Ii exaggerated to I11Llrae LIM IoW-AltwiedQ extension Of the Proton bolts. The stable
Innerf LZrs Proton bolt (c robs-hatching) teatlios low altitudos In Liio region of till South Atlil1ic
Anoma"ly ISA.A) due. to the tarthsb utfsstt dipole. 'rie SAAi Iliaited in longitude And lat itude.
And as the liarth rotates underneathi the sa.tellite. aipproimiately 10 ai 14 of thu daily uririt.
encouniter portions ol the SMA. Tie Outer &,oite electrons (Jlutted regioni) Arm located in two h~igh
latitude rInjgs at 440 kml. ureic n each irumlspiiMro. Thle outer zu-im fluxes are highly variable.
hc polar calls (horizontal lines) Are regions .1 direct entry far high eneigy prarticle. both.
galactic cosmic rays And bolar particles; however. uider cetaini conditionS. tim higher .riurgy
cosmic rays andl motor pArtitli cots puli.otrate to 84U ill at ally latitude.

Of Lite three regin of high after,.y pt~tiClfts. two aCto nti~duoIi most haoardouu to mall.
They arm Lte SAA and tim polsr regiulis durIng solar patile uvuiitb. Stgiiiciit dose In chosem
regions is pruuud by hit gh-unerciy protonso and hesavy ions, which ai% dijLLlUlL. or ispubalirlu, to
shiold. The oUUtozile UIUCtrons Are Iowur in miturgy and can be stfactivoiy shti.ldud, oov
thoy are highly variable Ini IntenmIty aini can Produ.e lIacardub dose tdab beliliid minlimal
shielding. such as would ie Lteu Cage for all astronaut uOnly lprotected by d bpact suit. 'rte brullin
affect* ul thu higlhor energy heavy Ion particles Are not yet fully understood. although It is
known that they can produce light fLashus IIn tim ey05 ald mtay bW able to upbut. Cortain brain
functions. similar to a SLU in a mitirueluctronic chip.

Tim DM51 doalietr Is extremely vorsatls. returning information on electron and proton
dose. electron andl proton flux, And nuiuor star eviints. All with 4 second tIme rmooLution And in
4 integral onourgy stop*. it is our intention here to show LIho versatility of then instrumnt, and
to present results from, the major Analysis efuorts undertakon to date using LIM dusissitor data.
Thets fiorts Include bOth short-term and uspirical mrsrimI rwsULte at dose and r,uclo..r star
events, as seil Am Cas studies Of mAJir Solar partile event&. Tim dose moudal rusolts are
Compared to thu NASA sadol. prodIctios. Tiru shOLt-tote reboLS ame piesontod to ilidicat. then
rango over which thii unvironemont can d.uVzAto frost tho modols (both ours And NASA*), and whers timO
doviatlonu are likoly to ho fist important. because oi thju capability of thIM doslioatEr, we ar*
Able to preoagt our direct dose AnD,) dub" rate breuob~us.p.rat"Ily for tlCtr.ob. 4Wdp~rs..

It. SSJA INSTlMUKdT DESCRIP'TION

Tm.hehS /F7 dosimeor mmeasutee ,thn radiation dosm from both electrons And protons occurring
behind for diff r.n t Ihicknmso of .alMinm shielding. Additionally. Information is provid
Oil the diftoroltial and Integral fluxes oi electrons and protons at oliorilm inovu thu tiirosirldsl
dofined by thim, shields., and on the nusibet of nuclear star events in each ditEmctor. The basic
amoasurfont tocinniqua is tim determination of the Amount of witurgy dopositoo in a simpLo solid-
stats detCOCt frome particle* with sutficIent. energy to ponatreoa tho Shimidlng. A boot Ilimit
rULoif Of 50 ksV is *ot for miWasutiil energy deposition lit #,acli d#oCtor. "aiCh Of thn lout
detectors is moauntodi behind a hoispbiharic Alumiinum, shield. 'rho aluminul shilld Are chosen to
provlla .1artron eniergy throshulds for bum four sonsora of 1, 2.5, S. arid 1II NOV And tur protons
of 20. 35. S1, and 75 HaV. Thin I NoV thrdihold sonsur has a dvoctor area of .0; 1 Cm2, and4 thM
rultal.nitg thirow each have aroas of 1.00 cm'. 'ALLUlme that pesnetrate thM shieald andl brims-
br..hlwtig produced in tit. silid Will deposit oliorgy In thin device producing a Charge pulse. The.
thdaim Pulse Is shaped aiid Amplified. 'rhoe pulsm height to proportional to the onorgy doposbitlon
In Lte duttor, and thin doss ta, proportional to the som Of tInM puilse heightsi.

Lnmtgy dopostons in thin rarijgu butwoan 50 ksV slid I NoV arc used to calculate the low
linear encrkly tranisfer (LOWM) dose; duposltluns bo.etwoo I HoV and 10 NoV provide thes high
linear onwrgy transfor (lilLET) dose, onorgy doposltiuis Above 75 NoV in dutoctot I and Above 40
NoV in dotortors 1,* 2, arid 4 arm counted as very high Wlittar anorgly transfer (ViiLkT) aVonts. The
LALET dose (which so will call electroni dome bellow) results primarily irom slactrons, high energy
Protons (above approimalOW1y 100 NoV incident). andi brsmssttahlign. Tim IILXr dosm (which we
will call proton dose tlos) coaios priarily from protons bMoos about 100 MoV Iicident Aid above
tIM du§W thrmsiold iot acli detector. The intogral flux Is proportional to thu niosber O1 energy
dopositlons countod. Tho VIILET counts (which wo will call "ar~ count*" beow) cumsit from a6.)
high omiorgy nuclear (Mostly proton induced) interactioiis Inside aiid /or near the soistive device
valmu, b.) ditect onorgy daposit~on by heavier cosmic rays, or c.) direct energy depos~ion by
protons that havs long path lengths in die detenctors. Thoss will ho rmlirrodl to respectively as
a.) nuclear stars , b.) Losmice ray eveiit* and c.) direct dopusli proton mvmiits bolosi. (Tho 'star

TABiLK I E
DNSP/F7 J* OOStKfTER CHARACTERISTICS I

Doe Aluminum Dom Thresholds Detector
Shid Electron Proton Area Thickness Threshold

LOUET HIlLUT VHLET
(emhrx

2
) (Nov) (HiuvS (cm

2
) (microns) (pweV) 1MEV) (HeoV)

1 0.55 1 %20 .051 398 .05-1 1-10 >40
2 1.55 2.5 35 1.000 403 .05-1 1-10 >40
3 3.05 5.0 51 1.000 390 .05-1 1-10 >15
4 5.91 10.0 is 1.U00 344 .05-1 1-10 >40

1sEt s~pa(.Qa&
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description originally coma from the array of emulsion tracks observed when a high energy proton
Interacts with a nucleus producing secondaries arnd a recoiling fragment.) Thus. five separate

outputs are obtained from each of the four hemiripherically shieldedi detectors: WDLE? (electron)
dess. 102.!? (electron) flux, HILE? (proton) dose. 111LET (proton) flux, and VHl~F flux (star
counts). (A complete description of the instrument can be found in Gussenhaven at 41.)A
summary of the detector properties and their shielding is given in Table 1. and a summary of the
dome shielding effectiveness for protons is $Iven in Table 2.

TABlLE 2

DONE SHIELDING EFFECTIVENESS FOR PROTMS

ENERGY flisY) DOKE I DONE 2 DOME I DONE 4

0 20.0 315.0 51.0 75.0

a 23:8 37.0 52.5 75.2
10 2 3.4 37.8 53.0 75.7
20 30.0 43.0 56.8 78.5
40 45.0 55.0 68.0 87.5
100 103.2 110.0 119.0 124.2

1000 1001. 1003. 1005. 1010.r

111T. DOSE IUASURSIINIAN MAPS

During quiet times when there ae no high energy solar protons present, the high energy
proton fluxes are measured by PNSP/F7 dosimeter only In the SMA. A survey of the satellite's
daiiy encounters of the SMA is shown in Figure 2. Hera the everage flux count rates for protons
>75 34eV are plotted as a function of universal time (UT) in hour* for 9 November 1984. The
averaging Interval io one minute. Each spike in the count rate indicate. the crossing of a
portion of the SMA as the Earth rotates underneath the DKSP orbit. between each crossing. the
satellite passe. over the two polar caps and the equatorial region opposite the SMA. During
theme Intervals, only background counts are detectedl. Similar spatial distributions occur for
the lower energy proton flux counts sand the proton dose counts.

9 NOVEMBER 1984 RTNr5E

fig. 2. Proton flux counts for energies
greeter than 75 14eV, measured by 1E45P on
9 November 1984 when no solair event was 30
in progress. The spikes occur during
crossings of the South Atlantic Anomaly, .4

UNIVERSAL TIME (Ivn

The depth-dose spectre for the electron, proton and total dose, obtained from a single
traversal through the heart of the SAM on February 3. 1985, are given in Figure 3. The spectra
are hard (highly energetic), with the dose decreasing only somewhat more than 4 factor of two
over the entire shielding ran$e and becoming nearly asymptotic for the thickest shielding. The
proton does is approximately twice the electron does. The total dose behind the thinnest shield
is .38 rad(Si) end behind the thickest shield in .17 rad(Si). For the IINSP satellite, the total
dose per day from the SMA is nearly 2 rad(St) behind the thinnest shield end I rad(St) behind the
thickest shield.

To make a more quantitative estimate of the dose accumuiated per day from the SMA we
constructed en empirical 384SF dose irate mep for 840 kmn altitude. Dose count-rates from individ-
ual passes were accumualated for a full year (from I November, 1984 to 31 October, 1985) in bins
five degrees by five degrees wide in corrected geomagnetic latitude and longitude coordinates.
Average count rates were calculated for each bin. and iontoure of constant des* drawn. The dome
rate map for the )P75 KoV NIi&f channel (with 5.91 S/cm aluminum shielding) is showr in figure
4. The map Is in corrected gomatgneiic coordinates. The contours are in rad(Si) per day. As
can be seen, the only significant proton dose occurs In the SMA where the contours range from 0.1
to 10 rad(Si) peir day.
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4315-515 uS

Fitt. 3. Depth-doss spectrum for A u

WISPIV7 cribbing of tho heart of the
South AlantIC Anomaly on 3 February.

UIPi

O140"L 4 S4SLET -DS CTGWS

30

Fig. 4. Contours of constant dos*- a
raxte for the )75 14eV proton dos.% 0 2PWA
detector, plotted in corrected &%amag- Y, 0 .O1RADNOLeV

netic latitude slnd longitude coordinates. 52WiA

.60-

.10 W 0 510 No0
GEtMAWr C LOWiTUDLO

Th :otr zone electrons are mostly found at magnetic latitudes between 50
0  

00 at 4'
km. The: ,tent of these toole s sh*fown In Figure 5. which to the LISP doss rate map for electron
dektscEOr ( *bhind 0.55 g/cu shielding). The Outer Aone electron dose io very evident slid
Appear* as two higlh latitude bands. The SAA 15 Albo Apparent1 hQwVer, in the SAA the dobs
result% from a combination of electrons a qvs threshold energis ()I lie

9
) and protons with energy

greater than '.1001 1eV.
To shuw how tE 04SF measured dose compares with the NASA model values, Table 3 gives a

listing if Individual day And yearly average proton and electron dose/day obtained from W~ISP and
the NASA model predictions for the sane orbit for both solar maximum and solar minimlum options.
The first three meAsured values result from sueming the LA1SP dose Counts for the three indiVidual
days: 9 November 19114, 26 November 19114. and 3 February N911. respectively. There were no solar
proton svents 0il thase days. The average WISP values result from runing nine auocesslVe days of
1114.P/P7 orbits through the 111SV dome rats map values and takig the Average Accwsolat ion. The
standard deviation varied from j11Z in the first Proton detector Up to ±ItlZ in the higthest energy
detector. The standard deviations are listed [9cr below the Average Mir values. similarly c"
114P/V7 satellite orbit was run throudh appropriate NASA radiation belt models for solar maximum
and solar minimum Conditions With the dose calcuILted at the renter Of a solid aluminumt sphere of
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OwIt I falr DOW 00"1OL
iNOY 194-OCT '965)

20

60

?Is. 5. Contours of constant dose- 1IRADS /Ay
rate for the )I HoV electron dose 32RADSIAaY
detector, plotted In corrected elomg- W 0 10 RAGS/OAV

natic latitude and longitude coordinates. . 0 32 RAS/ AY

1.3 0

160 0 0 90 160
GEOMAGKT(C LOWATUDE

thickness equal to the DNSP dosimeter shielding value. The NASA Model values for solar minimum

end mauimum are given at the bottom the table. (Details of the NASA models can be found in

Singley and Vette * Tisue and Veotte and Sawer ad Mtts& and problems associated with

radiation belt modelling can be found in Vette et al.
5 )

TABLE 3

COMPARISON Of NASA MODEL AND ISP DOSE VALUES

PROTONS ELECTRONS
RAD(SI)/DAY RAD(Si)IDAY

DETEcTOR NO ! 2 3 4 1 2 3 4
DAY il/oq/94 1.20 0.83 0.63 0.48 1.61 o.3 0.28 0.27

DAY 11126/84 1.22 0.17 0.57 0.4 13.02 0.50 0.27 0.28

DAY 2/03185 1.18 0.60 0.59 0.46 6.31 0.35 0.26 0.26

AVERAGE 1.21 0.63 0.63 0.49 2.51 0.34 0.26 0.27
STANDARD DEVIATION : tax Z ±-2 + iO% ±+21 +9Z +9 +9

NASA SOLAR NIN 1.28 0.70 0.49 0.20 10.63 0.58 0.03 0.00

NASA SOLAR MAX 0.89 0.47 0.33 0.18 11.62 1.28 0.07 0.00

SOLAR HIN - APRMIN. AESIN. AEI7LO

SOLAR MAX - APANA.X. AE1NAX. A1i7HI

NASA MODEL PROPAGATED THROUGH A SOLID ALUMINI I SPHERE

For the proton dose, the ORSP Individual day end DRSP average values are approximately the
same. They all agree to within 2, which is the soam variation found in the day to day orbital

runs. This Indicates that the proton radiation belts are very steble over the one-year duration

of the data acquisition, as espected. The solar minimum NASA model values when compared to the

near-molar minimum 1R4SP values fot proton dose are only slightly higher for the thinnest shield-

inR and are only slightly lover for the remaining thicknesses. The agreement is felt to be

rmarkably good liven the differences in measurement techniques end solar cycles, end indicates

the long term stability of the Inner belt.

For the electron dose, the directly measured daily dose varies greatly, from 1.6 to more

than 13 rad(St) behind the thinnest shielding. For higher shielding the dose Is relatively

constant. The average DSP mod*l value is 2.51 red(SI) for the thinnest shielding. This

indicates the high variability of the outer zone electrons, over time periods much less than one

year. Furthermore, the comparison of the IRISP model and NASA model values is poor. The dose

calculated for the IIMSP orbit from the NASA models is higher by factors of 4 and 1.8 for Channels

I and 2. respectively. For the last two channels, the IltiSP directly-measured and model electron

dose values are nearly constant. while the NASA model values fall to zero. This behavior results
from brIestrahiung effects in the DNSP measured values which would not be predicted from

electron fiuence in the NASA model values. While it Is possible that on occasion (i.e.. 26

November, 1984) the daily measured electron dose in Detector I can be higher than that predicted

by the NASA models, the Detector 2 measured values have not been observed to be e large a. the

NASA model values. We conclude that the NASA models for electrons are both too high in intensity
and too herd In spectral shape.

Comparing total dose behind the thinnest shielding for the DKSP/?7 orbit on a yearly basis.
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the NASA modlel give values that are too high by somewhat move then a factor of 3 for the 196'.
period. The electron contribution to tile total dose is the major source of the discrepancy.
below we will more closely ussakn the highly variable electron doss fro, the VKSlP data se1t.

In order to quantity the high veriabilltj in outer eagle electron fluxes we constructed a
daily averaged fluat count rate Using thke rwgiln in bpace where the Maximum fluxes occur. Yligure
5 illustrated that the MehLAMj Occur$ in the Southern hemilsphere in a rectanglet centered near
-550 geomagneotic latitude eaid 55" geomageijA C longitude. The region Liea far enough below the
SAA to Avoid contamination of the fluxt and dose muasuaremeant from protons. All flux Count rates
which fell In this rsctangular region were averaged for ond dlay intervoLai to alhow thN variaIAIly
uS the Outer 90ones. In Vigjure 6 the average flux Count rate ltr electronsa With eneargy >2.S IisV
is plotted as a runctlon uf day numbetr fur 1964. the* first full year of the dosimeter operation.
The day numbersb arm madd oft in 21-day solar rotation WaIts1. Tie average cIunt-rates vary over
mokre than two orders oi magituds. and hsigh glixe cots persist for mAny days an sand. The 27-4ay
recurrence of outer zons elecron enhancemeants is particularly evident Lin the three largest
events Lin the lst quarter of theo year.

QUTIR ZOQt ELECt0G-25IAEV

pill. 6. Daily average count-rates for
the >2.5 IieV outer Zone electroans Plotted I
as a lunCtion of day numbepr for 1964.

DAY Of vtAHi 0-ea

TV. STAN GOLImT NtASURW(WTS AMD NAPS

To perform meaningful statistical analyses of the star count (VNLET) particles. the data
must beo separated Into Appropriate regions of space. For this study. thea data are suammad over
aliloniue in% broad latitudinal ranges, designated as the North Pao (Nil from 40' N to 600 N.
Middle Latitude (ML) frox, ISO N to AU

0 
N. South Atlantic Anomialy (SMA) frome 550 !1 to 150 N and

South Pole (SP) froad 55 S to 600 S.
Figure 2 &how& the average daily star cottnt rates for dosimeter detectors I and 2 for 1964

plotted versus day of the year in mach of the 4 latitudinal bins. Similarly Figure 4 shows the
Count rates f or deLtctors 3 dad 4. The sharp peas In the polar cap regijons arew due to solar
Particle evntIs. Onily 3 solar particle events of ay magnjittude occurred in 196S4. The flare
events seen in the polar regions do not pentrate Into the maid-latitudeo or SMA region*. Ade
true these Peak%, the data are extreamely Stable Over the year and Continua to be stable through
L985 And 1960 where we also hae plotted the data (not shown). The 1961. through 19gb data Were
all collected during solar mainimum conditions.

1964 DAILI Avfiesci Sima Cuel RAItS

Fiji. 7. 1964 daily average star channel ~ ___________________

counts for detsctors I and 2. .- _____________________

05, O It"Vi110 44
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1984 DAILY IRAGt S1k COUN! RAItS

Fla. 0. 1984 daily average star channel .
counts for detectors 3 and A. SAA

. * * 0 ya ,,f '

Figures 9 and 10 show the occurrence frequency of star counts in map format for detectors 2
end 3 of the dosimeter respectively. (Maps for detectors 2 and 4 and additional information on
the star counts are provided in Hullen at al.

6
) Shown In gray scale are the average star count

rates (counts/o) for the period from November 1984 through October 1985. The average has been
calculati.d for each one degree geographic latitude and Longitude box. The gray scale extends
from 30 counts per second to greeter than .05 counts per second in logarithmic intervals. The
gray scale code is displayed to the right of the pictures. Small holes (data gaps) in the maps
occur because the satellite orbit is synchronized with the Earth's rotation reulting in incom-
plete coverage of all 10 by 1o bins. The maps provide information on the particle populations
producing the high energy deposits which will he ,ilnruxed bplov.

Fla. 9. Gray scale plot of star count

rates for detector 2.

The general features pictured in both Figures 9 and 10 may be eummrized as foloas: a.)
highest count rates occur In the region of the South Atlantic Anomaly where the inner radiation
helt particles extend down to D84P altitudesl b.) next highest count rates occur In the polar
regione where solar protons and heavy ions have direct access along magnetic field lines down to
IYwor altitudoew and c.) scattered count rate occur at all locations. This means that the
highest LET particles might be expected any place in an 840 km orbit but the highest probability
is in the region of the SA. where it. is proton dominated.

Information on the characteristics of the particles producing the counts can be obtained by
statistically eaemining individual counts and count rates and the ratios of counts in the
different detectors. To avoid mising region* having different characteristics, all the statis-
tics were done in the 4 latitude bins discussed above. Table 4 gives the total 'LE counts and
average yearly count rates. Approximately 312 equivalent full days of data between November 1984
and October i98S were used to calculate the yearly averages. During this period, no solar proton
events wr een in the dats. Table 5 givee the yearly average mwnt rate ratios for theme 4
regiana for each detector.
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Via,. 10, (;fay Scale Plot Of *tot Count
rate. for detector J. M

TAILl 4

TOTAL STAR COUNTS AND COUNT RATES

TOTAL COUNTS
LATITUDE DIN DET I DVT 2 l)PT I OPT 4.

NP114 19813 8408 1744
ML 121 100 93 2015

SM SaVY 335&41 105714 20 15.15
Sp U1 15329 6615 11Y9a9

COUNT RATES (COUNTSISEC)
LATITUDE BIN DET I WIT 2 DFT 3 DET 4

NP I.51-0'. 2.6k-03 1.111-03 2.3t-03
III 3.1E-05 .39-04. 2.3K-04 S.Ih04
SMA 5.39-04 3.01-02 9.61-04 1:.,E-02

TABLE S

DETECTOR STAR COUNT RATE RATIOS IN LATITUDE AINS

DETECTOR RATIOS
LATITUDF BIN 3il V1 VA,.

NP 7.22 1 7.0 11
.L 718 11.4 1.04
SMA 1.6 1 51.0 1.61
SP 7.3, 11.1 1.10

As asentioned abov :: str counts can be produced directly by proton energy deposition.
direc ty by cosic ray. and/or indirectly by otuclear star events in or mear the detector*. IA
order for Che protons to directly produce a pulse In the detector. they east hove suff icient path
lonlith In Lim de.tector and suff icient energy to deposit energy above the threshold level (.140 MeV
or -75 Key depending on the Jetector). Ba-u. the detectors. are planar. they have &mail lateral
di "ntlno *uCh that Lters i. only a very narrow angular and energy range of particle* that can
produce Poises by dlre..L deposItion. Lot detector. I end4 3 no pulses. can be produced by direct
proton energy deposit since the total path length is too short for any energy proton to produce a
poise of the required .&is to be counted, In detectors 2 and 4. only protonss icident. between
approxinately 87.5' and 90* with esternAl energies between approsimetooly 55 14eV endt So Hey tor
detector 2 and between approximately IS NeV and gg Hall for detector A can produce pulses of the
required smognitude to be counted. Protons below these energies do not h~ave sufficient energy to
prOduCe VHL11' site pule., and protons above these energies wil pass through the detectors

without depositing autticisent energy. I'atclae at V* ticideonce Moost have 8 mass of ozygen or
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greater to produce a VHLET pulse. Particles with asses less than oxygen (such as helium) must
be Incident at an angle lees than the normal to produce a pulse. The differences in the shield-
Inlg. detector area, and response characteristics of the 4 detectors will be used to gain insight
into the proportion of the particles creating the pulses.

Since detectors I and I do not measure any counts due to direct energy deposition by

protons, the counts In these two detectors are produced only by nuclear star events and direct

cosmic ray events with appropriate masses and incident angles. Star counts in the Middle

Latitude (ML) region are almost entirely due to extremely high energy cosmic rays since the

geomagnetic cutoff of the Karth's magnetic field prohibits normal solar protons from directly

entering into this region of space. W also know that the star counts in the South Atlantic

Anommaly (SAA) region are due almost entirely to protons from the inner belt trapped particle

population. In Table 5 the ratios of star counts of channels 3 to 1, 2 to I and 2 to 4 are

listed. By comparing ratios from the polar regions (NP and SP) to the ML and SLAA ratios, it is

evident that the polar region ratios are the same as (within statistical error) those of the

middle latitude region. We conclude that since the ratios are the same, the counts are produced

by the same type of particles, namely cosmic rays. This Is not unexpected since high energy

cosmic rays have their mpst direct access into the near-Earth environment down the open magnetic
field lines in the polar regions.

If we assume that the numbers of high e-'ergy deposits produced by particles of the same
energy is directly proportional to the acre of the detectors, we can use the ratio of star counts

from detectors 1 (60 MoV threshold) to those from detector 1 (75 MaV threshold) to get a first

order feel for the relative upset susceptibility in space for materials (tissues) that eight have

different sensitivity thresholds. The ratio of the area of detector I to detector 3 is 19.6.
The 1 channel ratio for the poles is %7.3 and for the SA is 1.82. This indicates that the

relative upset susceptibility of materials with a 40 MoY threshold to materials with a 75 MeV

threshod Is approsimately I times as great in a cosmic ray environment and 1i times as greet in
the South Atlantic Anomaly If the materials are proton sensitive.

We can separate nuclear stars from direct deposits in detector 2 by comparing the date from

detectors I and 2. We know that detector I responds only to nuclear stars and detector 2

responds to both nuclear stars and direct proton deposition in the region of the SA. The number

of nuclear stare (statistically speaking) in detector 2 should differ from those in detector I

primarily by the relative detector area factor of %19.6. The shielding difference between the

two detectors however, reduces this factor somewhat. from Table 5 it can be sen that factor iS

%17.4 for the cosmic ray dominated middle latitude region. Pot the proton dominated SAM region.

the factor could be more or less than the 17.4 depending on the shape of the proton spectrum, but

could nut be significantly differentt. Subtracting the estimate of the detector I nuclear stars

(ietermined by multiplying detector I by 17.4) from the total detector 2 counts in Table 4 shows

that for the SAA region the direct deposit protons In detector 2 are, on the average, approxi-

mately a factor of g greater than the nuclear star counts.

Since detectors 2 end 4 4iffer only in their shielding thickness, their areas and detector
thresholds heing the mom , shielding effectiveness can be estlated by examining the counts ratio

uf these two detectors, in the ld-latitude and polar regions where the higher energy cosmic

rays doeinete. the shielding effectiveness is only 10% or les. in the SAA where the protons

dominate, the shielding effectiveness Is much greater because the energetic proton spectrum is

softer. Even In the SAA region, there are major differences in the hardnoess of the spectra as a

funrtion of position. Figure II shows the ratio of average star count rates for detector 2 to
detector 6 ior the period from November 1984 through October 1985 In one degree geographic

latitude and longitude boes. The ratios are gray scale coded to indicate ranges from I to - in

logaritheic type Intervals. The gray scale code is displayed to the right of the figure. The

fit. 11. Gray scale plot of star count
ratios of detector 2 to detector 4.
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gradual shift in the ratio across the South AtlanttiC Anomaly region is due to the magnetic field

striength (L-Sheil) variation. Higher energy particle* are Able to diffuas further inward scrus
magnetic field lines. thiu reaching lower L values And producing a harder spectrum at tIMe luor L

V. fIM SQL.A~ PAITICL.Z WV3IT 01 16 VIMUAW MND -5-29 APRIl.. 1914

The too larigect solar Particle events during 1984 occurred In February and April. Figures

12a and 126. are aurvey plots of the LSf flux Count lata tot pirotont; >75 Mel (the highest energly
channeil) the peak diays of the two aventat lbt FebroAry a&lid 1b April. respectively. They ar. In

the asms turaet a- figure 2. in each plot, three types ot counts can be identified; bafckgrouned
countse; the bytstaicAliy occurring SAA flux Counta that stoo.d Alone tit figure 2; end thes .lare
flux leivels across each of the polar regjionst. The ietter are aoiar protonta A11d heavy iuels which
have direct acces&S to low latitudes Let the polar regions. the l0 Vebruary there Is a sudden 01.4t,

of solar pamrticles kit the caps at '09 UT. Thed I bass tall by ant order ot eagittde wIltin 4
hours, after Which there i* A Steady expOne,.tial decay Of the particles that Continues into the
LItl. At tit& bwegirokllg of 2o April the high enursy precipitation LInto the polar caeps was already
in proglress. Titles event hadl a muich slower buildup and decay. The widtha of the i" lox pas tin
the polar reionst Show that during; solar proton events sLignificant dotse can be received at polar
orbiting vehiclese. Even tin tiese survey plots One call discern significant spatial and/or
temporal variations in the cap Iuetes. They are particularly large at U.0 beginning of the 16
February event.

I.6 FEBRUIARY 1984 PrOTONS '75MEV

Via. 12a. Daily plot of one-minute-

avuraigod flux cowat rate for proton* with KriO
energy greater than 15 lheV On 16f. fbtu
ary. 1954.

UNIVERSAL TIME itesi

1426 APRIL 1964 PROTONS v75 MEV

51103

Fig. 12b. Daily plot of one minute
oaraed flux count rate tor protons with .

energy greater than 75 Mey on 26 April. ... 10
1-164.

0
0

0 4 a 12 Id 20 24

LNVERSAI. TIME lies)

To show the kind of variability that exists across the polar cap during solor events. the

paths of two polar crossings on i1. februAry are shown in figure 13. Here thle satal1lit.e track is
plotted In Corrected geomagneatic latitude, (RLAT)-maegnetlc Local tiles (KLT) coordinates. The

length of the black Ites vertical to thes track reproeents the Coun~t rate in the lowest energy
prLoton channel (>201 Mel). These plots &how a) the low latitude cutoffs (00"c KLAT) ot tile solar
paricie b) that the particles fill both tIe regions normally occupiedl by the outer Zone

ele.ctrons lend the polar capi c) that relatively deep troughs occur Ill the flux levels which are

Located differently in the northern anid soeuthern homispliees, but are near tile Wwglltopleric
cusp. Because* the variations in electron and proton fluxes (not showni) are so similar in the 16
toeroary event., it IS Very likely th rassR that the* "e11lectron count rates contain a significant
contribution from the >100 ReV iuroto,.s.

At 4il
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DMSP - F? 4e FEBRUARY t6,1964

UT START 35Mg

NORTH POLE

Pp I

VIA. 13. Polar plots of the >20 He V'

protons during the peak of the 16

February event. The coordinates are

corrected geomagnetic latitude and

geomagnetic local time.
SOUTH POLE
FPI

Since the shape of the spectra are very important in assesing damage during solar events.
the proton flue counts Are used to find an average power law spectrum for protons for each flare.

For the 16 February data. at the peak of the proton flux the optimal spectral fit for the counts

averaged across the polar cap is:

16 February (peak): J(E) - 86(t2) x (20/9)
1 "8 

p/cm
2
-s-HeV.

here I is in 1eV. Under the assumption of complete particle isotropy in the upward hemisphere
at U1SP a titudes and Inteirating from 10 M*V to infinity, the directional integral flus from the

equation above is 298 p/c. -s-sr. The average spectrum for 17 february. using the cap data for

the entire day is,

17 February: J(E) - 0.85 (±0.05) a (20/)2
" 7  

p/cm
2
-- leV.

Aacause the solar event in April is so slowly varying we list the spectra determined by averaging

the cap data for each day from 25 - 28 April. They are:

24 April: Background levels

25 April: J(.) - 5.6 (+0.4) A (20/F
) 1
'
0 
p/cm

2
sH"V

26 April: J(K) 116 (±4.0) s (20/E)
3
.
8 

p/cm
2
-s-MeV

27 April: J(V) 6.8 (±0.4) a (20/E)
4 " 3 

p/c02-s-MsV

28 April: J(E) 1g. (±2.0) a (20/E)4.0 p/cP
2
-s-eV

The de -Lion listed in parenthesis is the uncertainty in the fitting procedure and does not

Include the Instrument's inherent uncertainties. From the paer law fits to the flux counts we
draw the following conclusions: a) Throughout the February event the spectra ware much herder

than any of those occurring in the April event. b) The February event softenPd In time. c) The

April event softened over the first three days, then increased In intensity and became slightly

harder.
Figurms 14a and lAh are the depth-dose spectre for single polar cap crossings during the

peaks of the two events. The time intervals war approximately the amwe for the crosstngs (21.3
mn on 16 February, and 19.2 &in on 26 April). In each plot, the electron dose, the proton dose,

and their sut are plotted separately for each of the four domes as a function of aluminum

shielding thickness (in mass per unit area).
le compare these to the depth-dose spectrum for the SIA crossing (Figure 3) which took 21

sin. The depth-dose spectrum for the peak flux on 16 February. Figure 14s, shows that the total

does behind the mintium shielding is 0.2 red(Si), or somewh&t lessthan In the SAA. The dos*
source is mainly protons, the electron contribution being le than 251 of the total. The
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Depth-doss spectrum for a
crsing Of the north polar cap

at the peak of th, solar particle event
on 16 February. 1984.

fjgjb~ Dpth-ossspectrum for a
rMFF7cosing of the north polar cap-

at the peak of th, Solar Particle aVGan
On 26 April. 1964.

spectrwo is falling slowly with Increased shielding, but faster than in the SAA Indicatilg a
safter (lass energetic) particle population. Shielding is still affective at 5.91 gm , where
the total doss is reduced to 0.05 rad(Si). Since this event decays quickly, the etaxisoe dose
behind the minbmum shielding io less than 2 rad(Si) over a period of less than one day.

The depth-dose spectrum across the northern polar cap for the peak of the solar particle
event on 20 April Is shown in Figurs 11.b. Nor, than 132 of the total do&& comes from protons.
The spectrum is considerably sof ter than that in the SMA or at the peak ofI the 16 February
event. It is. however, such more intense at low shielding valus. for .55 gmcm

2 aluminum
shielding. 1.2 radC Si) are received. This falls by two orders of magnitude to 0.012 rad(Si) at

eaxiu shielding (5.91 go/cm ) where the dos Is approximately en order of magnitude less than

encounteredl in the SM or In the 16 February event. Shilditlng remains effective throughout the
spectrum. The dos per polar crossing remained high for several days. and In the first three

days the total does eaceedad 25 rad(Si) for .55 ge/cm' of aluminum shielding. This is more then
four tims the dome received In the same time period and behind the same shielding f roe the SMA.

The dosimeter star date can also be used to study solar proton events, here we examine the
entire perlids of the February and April 1994 solar Particle events seen in Figures I end 2. The
peaks of the events were on 16 February 1OSA. end 26 April 1984.. Since the events are only seen
In the polar regions, only the polar region data is used. The two polar cap regions were edded
together to get better statistics for the event days. Table 11 lives the daily everage of star
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channel count rates for the 4 detectors in counts per second times 10" for the periods 15-17
February 1984 and 24-30 April 1984. Also given are the 1985 ever*e count rates for comparison
an a normal background level end the differences from the 1985 averages for the days of interest.
The count rates were determined only from the polar regionel between 40* and 90' North Latitude
end 55* end 90* South Latitude. Data equatorward of 55* South Latitude were excluded from the
table to prevent contamination from the SM. It is obvious that during the events the number of
energetic perticles that can produce 40 MeV pulses (detectors 1, 2. and 4) can go up signifi-
cantly from factors of approximately 2 to 50 depend~n on shieldinI thickness. It Is also
evident that with a shielding equivalent of 3 gm/cm' (detector 3). there is less than a factor of
2 increase in particles that can produce a 75 MeV pulse. Subtrscting the 1985 average from the
star counts on the flare days gives the flare produced numbers shown in the bottom of Table I1.
Comparing these back to the 1985 averages shows that In no cases did the flares produce more
pulses in detector 3 than the averages. and only at the peak of the events were there more
particles seen In detector 4. This says that neither particle event had a spectral hardness at
the highest energies greater than the natural cosmic ray background. The softness of the event
spectra probably accounts for the fact that unusually high upsets have not been seen on satel-
lites during flare period$ to data.

Table I1 Star Count Rates

Count Rates (counts/sec a 10'4)

1985 Feb 84 Apr 84
DETECTOR Ave. 15 16 17 24 25 26 27 28 29 30

1 1.6 0.6 12.0 1.8 1.3 9.6 83.0 26.0 9.6 7.9 2.2
2 27.0 28.0 110.0 38.0 27.0 87.0 500.0 190.0 91.0 38.0 27.0
3 11.0 12.0 14.0 8.8 12.0 9.6 18.0 12.0 8.5 7.1 10.0
4 24.0 22.0 53.0 26.0 20.0 25.0 62.0 29.0 22.0 18.0 19.0

Flare Produced Differences from 1985 Averates

10.4 0.2 -- 8.0 81.4 24.4 8.0 6.3 0.6
2 1.0 143.0 11.0 -- 60.0 473.0 163.0 64.0 11.0

3 1.0 3.0 -- 1.0 -- 7.0 1.0 --
4 -. 29.0 2.0 -- 1.0 38.0 5.0

VI. DISCISSION AND CONCLISIONS

The dosimeter on the DISP/F7 satellite has been shown to be a very versatile instrument
which can measure soergetic particles of different types over a wide dynamic range. It can
measure the dose *ffacts of electrons and protons separately, and gives accurate measurements
over short time periods. The dosimeter also can distinguish those very high LET particles that
can produce SEU type behavior In sensitive materials.

From the date vs ene that dose accumulatad in the SMA is extremely stable showing no
measurable variation from day to day. The SAA contributes 2 rad(SI)/day behind .55 g/cm

2

aluminum shielding. Approximateiy 601 of the total is dose from protons with energy less than
100-200 MaV, and the remaining 401 is LOUT dose, from electrons, high energy protons (>100-200
MPV) end bremstrahlung. The depth-dose spectrum fo5 the SA Ie very hard, falling only by 601
for shielding thicknesses hetveen .55 and 5.91 go/ce . For non- olar particle event periods, the
SMA provides most of the proton dose at DISP altitudes. The NASA solar minimum proton model for
11SP altitudes predicts a proton dose which is within statistical error of the dose measured on
DISP.

The dose from the outer tone electrons provides the remainder of the daily dose when there
are no solar particles from solar proton events. The dose per day from the oujer sone electrons
is highly variable and large, from I to more then 10 rad(Si)/day for .55 gm/cm' aluminum. The
average electron dose rate determined from the DMSP dose rate model for the year 1984-85 is 2.5
rsd(Si)/day. This is four times les than that predicted by the NASA models for solar minimm
from electrons alone. The olectro2 depth-dose spectrum is very soft, falling to a near-constant
breeastrehlung level by 3.05 gm/cm aluminum.

Dos effects from the two largest solar particle events In 1984 were measured. The event
that occurred on 16 February. 1984. lasted less than a day. had a iaesonably herd spectrum, and
led to an accumulated dose of lass than 2 rad(S) behind .55 gm/cm aluminum, which is about the
saem as the SM-accuulatnd dose for 6ne day. The event that occurred on 25-29 April. 1984. had
a very soft spectrum compared to the SAA and the 16 February spectrs. The accumulatnd dose.
however, for a three-day period was larger than that for the SA behind .55 gm/cm of shielding
(25 red as compared to 6 red), these levels could prove harmful for an astronaut performing EVA
during this period.

For short flights In polar orbit, our results show that a three-day mission at high inclina-
tion and at 840 km altitude during moderately large solar particle events could lead to a dose
deposition of 30 rad(Si) or more behind minimal, spacecraft skin thicknesses which approximate .5
antmm aluminum. This level may be sufficient to damago the ocular nerve unless shielded (M.A.

,MEN a I I
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Shoo. private communication. 1984). For manned space flights in the polar regions, Car. must be
taken in planning and carrying out activities where minimally shielded astronauts could be
espa*ed to dangerous radiation levels.

for the highest LET particles. tha probability of seeing effects In proton sensitive
materials is greatest in the region o( the SAA. Far materials not proton sensitive. the highest
Probability is In thve polar regions. Counts observed OoLgidw the polar cap and SAA regions are
&Lmuot entirely dud to higher energy cosmic rays that penetrate beyond the magnetic Cutoff
region. Although theme particles or* statistically emal,. they cmi appear wiywkwra in an 540 km
orbit.

In conclusion, accurate, short-term models of dose rae t r needed for future spece missions
that arm mmaned for long periods of ties, of that rely onl new micelelctronic techtnologies. The
NASA sodels projected to tow Altitude give orbital doee values which are too high by a factor of
four during solar minimum. The IMIP proton and electron mude. conscrucced for acor mln~ous
conditions, hwW that the discrepancy is dus to An overestiate Of the electron dose. The
conservative NASA A0del Predictions can Impose more stringent shielding conditions then are
necessary. Models of dose in the polar regions during solar proton events do not esist because
' .,,~ high tesporal and heirdnass variability of the particle fluos. Nevertheiless. signilticant

dome levels can be eccumulatad during these events and must be taken Into Account in Orbital
planning. This can muat likely be done on a "worst case" and probability of Occurrence basis.
It Should be reWmbered that for satellites in near-tarth orbit, tha lifetime total d06e is
mostly accumulated in short bursts And not At a Steady Constant rate. This leaves much of a
satellite system's time int a relatively benign enviconment 4uringj which saity of the does eftects
can anneal out of certain sesetive materials.
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